, measured with a 1.4 Å probe) is similar to that of the UDG-DNA complex (Slupphaug et plex was determined by a four-wavelength anomalous al., 1996), but significantly less than the binding interface diffraction experiment using crystals of selenomethionyl of the cytosine methyltransferases, which wrap around protein.
The resulting model has been refined to an R DNA and extrude the cytidine targeted for methylation factor of 0.22 (R free ϭ 0.26) against diffraction data ex- (Klimasauskas et al., 1994; Reinisch et al., 1995) . The tending to 2.7 Å resolution (Table 1) .
limited extent of AAG's DNA interaction surface, toThe AAG protein is a single domain of mixed ␣/␤ gether with the absence of sequence-specific interacstructure with seven ␣ helices and eight ␤ strands. The tions with the DNA bases, might facilitate substrate locore of the protein consists of a curved, antiparallel ␤ calization by sliding of the protein along DNA (Verdine sheet with a protruding ␤ hairpin (␤3␤4) that inserts into and Bruner, 1997). the minor groove of the bound DNA (Figures 1A and The DNA on the whole is a B-form helix that bends 1B). A series of ␣ helices and connecting loops form the away from the protein, limiting the extent of the proteinremainder of the DNA binding interface. A search of the DNA interface ( Figure 1A ). The DNA is kinked where protein structural database did not reveal any proteins Tyr-162 intercalates between base pairs, contributing with a similar fold (the DALI server; Holm and Sander, to the overall bending angle of 22Њ across the central 1993). Thus, AAG and the homologous mammalian eight base pairs (calculated with CURVES; Lavery and 3-methyladenine DNA glycosylases form a distinct struc- Sklenar, 1989) . The amount of DNA bending is tempered tural group that lacks the helix-hairpin-helix motif assoby crystal packing contacts that realign the ends of ciated with other base excision-repair proteins (Thayer neighboring DNAs for base-pairing interactions. Doherty et al., 1996; Labahn et al., 1996;  pyrrolidine abasic nucleotide is looped out of the DNA Nash et al., 1996; Yamagata et al., 1996) .
helix by crankshaft-like rotations about the bonds of the phosphodiester backbone. This extrahelical conforma-DNA Distortions and Nucleotide Flipping tion of the abasic nucleotide is achieved primarily by The DNA is held in the complex by two clusters of basic rotation about the P-O5Ј bond (␣ angle) and the O3Ј-P residues that contact the phosphodiester backbone on bond ( angle) on either side of the pyrrolidine site (Figeither side of the pyrrolidine abasic site ( Figure 1B ). This ures 2A and 2B). A similar conformation is observed relatively flat DNA binding surface is interrupted by the for the flipped-out uridine of the UDG-DNA complex ␤3␤4 hairpin, which juts into the minor groove and dis- (Slupphaug et al., 1996) and the abasic DNA product places the nucleotide targeted for base excision. The complexed to E. coli mismatch-specific uracil glycosylpyrrolidine abasic nucleotide is secured in the enzyme ase (Barrett et al., 1998) . Tyr-162, situated on the turn of active site by protein contacts to the flanking phosthe ␤3␤4 hairpin of AAG, intercalates between the bases phates. AAG acts exclusively on duplex DNA, and it that flank the flipped-out pyrrolidine ring, neatly filling the contacts both DNA strands to similar extents ( Figure  gap . On the opposite strand, thymine T19 is pushed about 1C). In contrast, uracil DNA glycosylase (UDG) efficiently 1.5 Å into the major groove by the intercalating tyrosine removes uracil from both single-stranded and double-( Figures 1A and 1B) . As a result, adenine A18 is not fully stranded DNAs, and the crystal structure of a UDG-DNA stacked against thymine T19 (see Figure 1C for locations). complex shows that all but one contact is made to the AAG does not specify a preference for the base paired uracil-containing strand of the DNA (Slupphaug et al., opposite a substrate base (Saparbaev and Laval, 1994; Saparbaev et al., 1995) , and no specific contacts are made 1996). In the AAG-DNA complex, the extent of the buried to T19 located opposite the pyrrolidine abasic nucleotide. This lack of base-pairing specificity contrasts with the strict specificity shown by DNA glycosylases that remove mispaired or miscoding bases from DNA (for examples, see Weibauer and Jiricny, 1990; Michaels et al., 1992; Nash et al., 1996; Bjørå s et al., 1997; Girard et al., 1997; Radicella et al., 1997; Barrett et al., 1998) . No other interactions of the AAG protein with the DNA bases are seen in the crystal structure. The intrusion of AAG into the minor groove widens the groove at the position of the pyrrolidine and at nearby base pairs in the 3Ј direction along the pyrrolidine-containing strand. Met-164 and Tyr-165, located on the ␤3␤4 turn, fill the minor groove and push against the sugars of T19 and T9, respectively (Figure 3) , expanding the minor groove width by more than 2.0 Å immediately 3Ј of the pyrrolidine (the width of the minor groove is defined as the closest O4Ј-O4Ј distance less 2.8 Å , the van der Waals radii of the two oxygens). These distortions of the minor groove are asymmetric with respect to the pyrrolidine target, perhaps reflecting a unidirectional mode of surveying DNA to efficiently locate damaged bases (discussed below).
A Catalytic Water in the Active Site
Difference electron density (F o ϪF c ) within the active site cavity clearly shows a water molecule positioned near N4Ј of the pyrrolidine ring ( Figure 2A ). This water is at the center of a hydrogen bonding network that links the pyrrolidine nucleotide to the side chains of Glu-125 and Arg-182 and the main chain carbonyl of Val-262 ( Figure 2B ). The pyrrolidine's participation in this hydrogen bonding scheme likely contributes to its strong binding to AAG (Schä rer et al., 1998) . By analogy to the cleavage of polysaccharides by glycosidases (McCarter and Withers, 1994) and N-glycosidic bonds in nucleosides by nucleoside hydrolase (Schramm et al., 1994) , the hydrolysis of N-glycosylic bonds by DNA glycosylases is likely to involve a transition state with considerable oxocarbenium ion character. The pyrrolidine abasic nucleotide mimics this positively charged intermediate, and it strongly inhibits AAG and other DNA glycosylases (Schä rer et al., 1995 (Schä rer et al., , 1998 .
To investigate the catalytic mechanism of AAG, a 3-methyladenosine substrate was modeled into the active site (Figure 4 ). 3-methyladenosine was superimposed on the pyrrolidine ring, and the glycosylic bond ( angle) was rotated to minimize steric clashes between the base and the active site residues. A good fit of the modified base in the active site was obtained with the angle approximately 60Њ away from its orientation in the active site strongly suggests that the bound water complexed to DNA containing a pyrrolidine abasic nucleotide (red), molecule is the nucleophile that is activated by nearby a potent inhibitor of the enzyme. AAG binds in the minor groove of DNA and expels the pyrrolidine into the enzyme active site. Tyr-162 (purple) intercalates in the space left by the flippedϪout abasic nucleotide. Protein contacts to the phosphates and sugars of the DNA backbone widen the minor groove and bend the DNA away lines) with residues of the active site. Tyr-162, Met-164, and Tyrfrom the protein.
165 stabilize the distorted conformation of the DNA in the vicinity (B) The positively charged surface (blue) of AAG in contact with the of the abasic nucleotide through a series of van der Waals contacts DNA is interrupted by a nonpolar protuberance that is crowned by (wavy lines; see text and Figure 3 ). Hydrogen bonds and salt bridges the intercalating residue Tyr-162. The enzyme active site (arrow) (solid lines) with the DNA backbone anchor the protein to DNA. includes the acidic residue .
Residues with main chain atoms contacting the DNA are indicated (C) Schematic diagram of the protein-DNA contacts. The pyrrolidine by the prefix "mc." Figures 1A, 2 , 3, 4A, and 6 were created with abasic nucleotide (Pyr7) is in an extrahelical conformation, and it the program SETOR (Evans, 1993) . Figure 1B was prepared with the participates in a number of water-mediated interactions (dashed program GRASP (Nicholls et al., 1991) . amino acids. The bound water is nearly aligned for attack in related DNA glycosylases ( Figure 5 ), presumably reflecting their importance in the reaction chemistry. of the N-glycosylic bond with subsequent release of the alkylated base via a backside displacement mechanism. In contrast to N4Ј of the pyrrolidine ring with its attached Binding to Extrahelical Bases protons, O4Ј of a 2Ј-deoxyribonucleoside substrate An island of unassigned experimental electron density would not attract the water, enabling its alignment for is present within the proposed binding site for alkylated attack of the anomeric carbon. Glu-125 could act as a bases ( Figure 2B ). The shape of the density together with general base, deprotonating the water for nucleophilic the electrostatic properties of the surrounding protein attack of the sugar. The side chain of Glu-125 is held in suggest that a tris(hydroxymethyl)aminomethane (Tris) position by a hydrogen bond from Tyr-127, the same molecule occupies this site in the crystal structure. The residue that stacks against the methylated base modTris stacks between Tyr-127 and His-136, and it hydroeled in the active site. Arg-182 might promote activation gen bonds with Asn-169 and the main chain amine of of the nucleophile by stabilizing the incipient hydroxide His-136. The positively charged Tris apparently mimics ion through direct hydrogen bonding. Arg-182 also dithe electron-deficient alkylated bases that are predicted rectly contacts the phosphate 3Ј of the pyrrolidine, and to bind in this pocket. A 3-methyladenine modeled in its side chain is held in this orientation by Ser-286 (Figure this binding site stacks against the face of Tyr-127, but it does not reach far enough into the cavity to stack 4). All of these active site residues are strictly conserved DNA glycosylase II (AlkA protein; Labahn et al., 1996; Yamagata et al., 1996) . In addition to these proposed -stacking interactions, a slight repositioning of Asn-169 in the AAG active site could allow it to hydrogen bond with N1 of the modeled 3-methyladenine ( Figure  4) . The vinyl chloride adduct of adenosine, 1,N 6 -etheno-2Ј-deoxyadenosine, is also efficiently excised from DNA by AAG (Dosanjh et al., 1994) , and the additional bulk of this modified purine ring can be accommodated in the binding pocket described here.
Electron-deficient, alkylated bases in DNA might be targeted for excision by virtue of their positive charge instead of their abnormal shapes, as suggested by Lindahl (Lindahl, 1982) . Aromatic residues, which can stack favorably with a positively charged base (Ishida et al., , 1996; Yamagata et al., 1996) . More recently, and Tyr-165 make van der Waals contacts (spheres) with sugars of thymidine T19 and T9, respectively, widening the minor groove on several RNA binding proteins have been shown to use this side of the pyrrolidine site. See Figure 1C for the DNA numbering this strategy for specific recognition of the methylated scheme.
guanosine cap of mRNAs. 7-methylguanosine diphosphate stacks between a tyrosine and a phenylalanine in the crystal structure of the vaccinia VP39 cap methylagainst His-136 (Figure 4) . The edge of Tyr-159 contacts transferase complexed to this nucleotide mimic of the the the other face of the methylated base, and Leu-180 mRNA cap (Hodel et al., 1996) . The mRNA translation makes a hydrophobic contact with the C3-methyl group initiation factor eIF4E binds 7-methylguanosine diphosof the base. We did not adjust the orientations of side phate in a sandwich between two tryptophan side chains chains surrounding the modeled nucleotide, and they (Marcotrigiano et al., 1997; Matsuo et al., 1997) . We have could shift somewhat upon binding to a substrate base.
proposed that aromatic side chains in the substrate For example, the Tyr-159 side chain could rotate so that binding pockets of the AAG and AlkA glycosylases (Figit stacks face-to-face with the alkylated base, sandwichure 6) capture methylated bases in a similar manner. ing the substrate base between Tyr-159 and Tyr-127.
Remarkably, despite the lack of similarity in the overall This strategy of recognizing electron-deficient alkylated three-dimensional structure of AAG to AlkA, the two bases in DNA via -electron stacking interactions with proteins appear to use a similar -electron stacking aromatic side chains of the protein has been proposed strategy to recognize their diverse array of substrate bases. for a functional analog of AAG, E. coli 3-methyladenine Figure 2 ) is aligned for a backside attack of the anomeric C1Ј carbon of the nucleotide, which would displace the modified base. Glu-125 could assist in deprotonating the water for nucleophilic attack of the sugar. Arg-182 would stabilize the hydroxide nucleophile, increasing its concentration in the active site. Interactions involving the active site water and nearby residues are shown by dotted lines. (B) The proposed mechanism for glycosylic bond cleavage, based on the crystal structure (see text for details). Tyr-159 is shown in a conformation that allows it to stack against the DNA base. Aligned sequences of human AAG and related known or putative DNA glycosylases, with the ␣ helices (cylinders), ␤ strands (arrows), and two disordered loops (dashed lines) of the AAG crystal structure shown below the sequences. The AAG residue numbers are listed above the sequences. The aligned sequences include 3-methyladenine DNA glycosylases from human (AAG), mouse, rat, Arabadopsis thaliana, and Bacillus subtilis, as well as putative glycosylases from Borrelia bergdorfi and Myocbacterium tuberculosis. Several related proteins from other Mycobacterium species are not shown. The strictly conserved residues are shaded purple in the alignment. Positions with conservative residue substitutions are shaded yellow. The mammalian and plant glycosylases have an N-terminal segment that is not required for the excision of alkylated bases from DNA (see text). The crystallized AAG protein lacks residues 1-79 of this nonconserved N-terminal segment. Most of the highly conserved residues are located either in the buried core of the AAG protein or around the active site (cf., Figures 1C and 4) . The intercalating Tyr-162 of AAG is replaced by histidine in two of the bacterial enzymes. Homologous sequences were identified with PSI-BLAST (Altschul et al., 1997) , and the sequences were aligned with CLUSTAL W (Thompson et al., 1994) . The printed sequence alignment was formatted with the program ALSCRIPT (Barton, 1993).
Locating Alkylated Bases in DNA
the subsequent flipping of neighboring nucleotides as the protein slides along DNA searching for alkylation Several of the modified bases that are efficiently excised by AAG are known to cause little or no distortion of the damage. Uracil DNA glycosylase faces a similar problem in locating uracil paired with adenine in B-form DNA, and DNA double helix (Xuan and Weber, 1992; Leonard et al., 1994) , making it diffiboth mammalian and bacterial uracil-DNA glycosylases scan DNA in a processive manner to locate uracil subcult for the repair enzyme to locate the damaged base through any superficial scanning of the DNA surface.
strates (Bennett et al., 1995) . In the AAG protein, Tyr-162, Met-164, and Tyr-165 form a rigid structure that The crystal structure of AAG complexed to DNA does not offer an obvious means of detecting alkylated bases appears to be responsible for flipping nucleotides and causing an asymmetric distortion of the minor groove when they are buried in duplex DNA, nor is this mode of recognition likely because AAG targets a structurally ( Figures 1C and 3) . Tyr-162 intercalates into the DNA at the position of the nucleotide targeted for excision, and diverse group of bases with modifications affecting the major groove or the minor groove edge of the base.
Met-164 and Tyr-165 selectively widen the minor groove on the 3Ј side of the target nucleotide. Thus, as proposed for AlkA (Verdine and Bruner, 1997) , it seems likely that AAG must partially or completely This asymmetry in the protein-DNA interface might favor the diffusion of the protein in one direction along unstack nucleotides from the DNA helix to find the alkylated bases that are substrates for the glycosylase. Once DNA. Met-164 and Tyr-162 push against the sugar and the base, respectively, of T19 to move it into the major a nucleotide has been rotated into an extrahelical conformation, this local melting of the DNA might facilitate groove (Figure 3 ). This repositioning of T19 destabilizes Ribbon diagrams of human AAG (left; shown with the DNA removed) and E. coli AlkA (right; Labahn et al., 1996) excision repair glycosylases that excise similar, structurally diverse alkylated bases from DNA. The aromatic residues (green) in the proposed binding sites for alkylated bases and the acidic residues (red) implicated in catalysis of glycosylic bond cleavage are shown. AlkA's helix-hairpinhelix (HhH) motif is highlighted in red. The AAG protein has a different fold that lacks the HhH motif. A prominent ␤ hairpin in AAG (red) supports the DNA intercalating residue Tyr-162 (cf., Figure 1 ). Disordered loops in the crystal structure of AAG are shown as dotted segments.
its stacking interaction with A18. From this starting point subtilis (Morohoshi et al., 1993) , Arabidopsis thaliana (Santerre and Britt, 1994) , and Mycobacterium tubercuobserved in the crystal structure, a concerted series of DNA conformational changes can be envisioned that losis (Cole et al., 1998; Figure 5 ). Most of the highly conserved residues within this more divergent group of would allow the protein to processively slide along DNA and flip nucleotides into the substrate binding site of sequences are located either within the buried core of the AAG protein fold or in the proposed active site. This the protein. The protein would experience diffusional collisions that exert forces in both directions along the distribution of conserved residues suggests that these proteins have similar folds and employ related catalytic helical axis of the DNA. Movement in the positive direction (toward the 3Ј end of the pyrrolidine-containing strategies for glycosylic bond cleavage. It is notable that the intercalating residue Tyr-162 is replaced by a strand) would be favored by a progressive distortion of DNA that destabilizes base-pairing interactions ahead histidine in the sequences from B. subtilis and M. tuberculosis. A leucine plays a similar role in displacing a of the protein as it slides along the DNA. The diminished stacking interactions between A18 and T19 (Figure 3) uridine from DNA in crystal structures of the human uracil DNA glycosylase (Slupphaug et al., 1996) and the could be compensated for by the rotation of A18 into the major groove, weakening its Watson-Crick bonding E. coli mismatch-specific uracil glycosylase (Barrett et al., 1998) . with T8. Tyr-165 concurrently pushes against the sugar of T9, destabilizing its stacking interaction with T8. This
The 3-methyladenine DNA glycosylases from S. cerevisiae and S. pombe (Berdal et al., 1990; Chen et al., local unstacking of several base pairs would lessen the energetic cost of flipping the next nucleotide out of the 1990; Memisoglu and Samson, 1996) and the E. coli AlkA protein (3-methyladenine DNA glycosylase II; Clarke et DNA helix. Sliding of the protein along DNA in the negative direction is strongly hindered by the stacking of Tyral., 1984) constitute a second family of broadly-specific glycosylases that repair alkylated DNA. Although struc-162 against the undistorted G6-C20 base pair ( Figure  3 ). In the positive direction, however, the weakened T8-turally unrelated to the human AAG glycosylase ( Figure  6 ), the structure of the the E. coli AlkA glycosylase (La-A18 base pair might pose less of a barrier to diffusion of the protein. In this scheme, diffusional collisions that bahn et al., 1996; Yamagata et al., 1996) closely resembles that of E. coli endonuclease III (endo III; Kuo et al., drive the protein in the positive direction cause Tyr-162 and Tyr-165 to squeeze T8 out of the DNA helix. AAG 1992; Thayer et al., 1995) , an N-glycosylase that excises oxidized pyrimidines from DNA. This structural correplows along the DNA in a processive manner, inducing cooperative distortions of the double helix that expose spondence is striking in view of the extremely limited sequence homology of AlkA and Endo III, which is renucleotides to the enzyme active site as a means of finding modified bases in DNA. Earlier reports support stricted to a conserved helix-hairpin-helix (HhH) motif on one side of the active site cleft, opposite a catalytic the notion that AAG can productively interact with unmodified nucleotides in DNA, a prerequisite of this proaspartic acid (Thayer et al., 1995; Labahn et al., 1996; Yamagata et al., 1996) . The HhH-aspartic acid motif is cessive sliding model for locating damage in DNA. Purified AAG protein excises unmodified bases from DNA also found in sequences of eukaryotic 8-oxoguanine DNA glycosylases (Nash et al., 1996 ; van der Kemp et at a low but significant rate (Berdal et al., 1998) . This activity toward normal DNA might underlie the increase al., 1996; Radicella et al., 1997). The structural similarity of AlkA and endo III, together with the widespread occurin spontaneous mutations in cells overproducing AAG or the yeast MAG glycosylase (Glassner et al., 1998) .
rence of the HhH-aspartic acid motif, may portend a common protein fold for this group of functionally diverse DNA glycosylases.
Two Families of Alkylation Repair DNA Glycosylases
The mammalian 3-methyladenine DNA glycosylases are E. coli AlkA and human AAG represent two convergent solutions to the problem of locating alkylated bases closely related to one another, and they have striking regional similarities with known or putative glycosylases in DNA. Although their primary sequences and threedimensional structures are unrelated (Figure 6 ), the from Borrelia burgdorferi (Fraser et al., 1997) , Bacillus (Abrahams and Leslie, 1996) , yielding a map of excellent quality that broadly overlapping substrate specificities of AlkA and clearly showed the DNA helix and features of protein secondary AAG are suggestive of common themes in DNA recognistructure. Model building and rebuilding were performed with the tion and catalysis of glycosylic bond cleavage. Both program O (Jones and Kjeldgaard, 1992) . Most of the AAG-DNA enzymes feature active sites that are rich in aromatic model was built directly into the experimental MAD map, and the residues suitable for recognition of electron-deficient, subsequent refitting of the model to the electron density was guided by A -weighted maps (Read, 1986) . The known positions of the alkylated bases, and an acidic residue that could actiselenomethionine residues further confirmed our assignment of resivate water for nucleophilic attack of the glycosylic bond.
dues into the electron density. The model was refined by Powell
Outside of the active site, however, many structural difconjugate gradient minimization and torsion angle-restrained moferences in the two proteins foretell different strategies lecular dynamics using the Crystallography and NMR System (CNS for extruding alkylated bases from DNA. version 0.3c; Adams et al., 1997; Brü nger et al., 1998) . The success of model refinement was evaluated at each stage by the change in the free R factor (Brü nger, 1992) . Density is not seen for protein residues [200] [201] [202] [203] [204] [205] [206] [207] [247] [248] [249] [250] [251] [252] [253] [254] and E. coli (Novagen) and purified to homogeneity using three chromato-296-298. These disordered segments are omitted from the model graphic steps: diethylaminoethyl cellulose anion exchange (What-(dashed lines in Figure 5 ). Interpretable electron density is lacking man), sulfopropyl sepharose cation exchange (Sigma), and Sephafor the sidechains of residues .
Val-291, and Gln-294, so these residues are modeled as alanines. Selenomethionyl AAG was produced in E. coli (Van Duyne et al., 1993; Doublié , 1997) , and strictly reducing conditions were maintained during its purification. This procedure resulted in full substituAcknowledgments tion of selenomethionine for all five methionines, as gauged by the mass of the selenium-containing protein compared with native AAG.
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